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SUMMARY 

A procedure was developed and i s  desc r ibed  which can be used to  computa- 
t i o n a l l y  s i m u l a t e  t h e  c y c l i c  behav io r  o f  h i g h  temperature meta l  m a t r i x  compo- 
s i t e s  (HTMMC) and i t s  deg rada t ion  e f f e c t s  on t h e  s t r u c t u r a l  response. T h i s  
procedure c o n s i s t s  o f  HTMMC mechanics coupled w i t h  a m u l t i f a c t o r - i n t e r a c t i o n  
c o n s t i t u e n t  m a t e r i a l  r e l a t i o n s h i p  and w i t h  an inc rementa l  i t e r a t i v e  n o n l i n e a r  
a n a l y s i s .  The procedure i s  implemented i n  a computer code which can be used 
to  c o m p u t a t i o n a l l y  s i m u l a t e  t h e  thermomechanical behav io r  o f  HTMMC s t a r t i n g  
from t h e  f a b r i c a t i o n  process and proceed ing  th rough thermomechanical c y c l i n g ,  
accoun t ing  f o r  t h e  i n t e r f a c e l i n t e r p h a s e  r e g i o n .  Resu l t s  show t h a t  combined 
thermal /mechan ica l  c y c l i n g ,  t he  i n te rphase  and i n  s i t u  m a t r i x  p r o p e r t i e s  have 
s i g n i f i c a n t  e f f e c t s  on the  s t r u c t u r a l  i n t e g r i t y  o f  HTMMC. 

INTRODUCTION 

S t r u c t u r a l  components made from h i g h  temperature meta l  m a t r i x  composi tes 
(HTMMC) w i l l  be sub jec ted  t o  bo th  monotonic and c y c l i c  thermal  and mechanica l  
l oads .  The c y c l i c  loads degrade the  composite s t r u c t u r a l  i n t e g r i t y  i n  terms 
o f  s t i f f n e s s  and s t r e n g t h .  What i s  o f  i n t e r e s t  i s  e i t h e r  ( 1 )  t he  degrada t ion  
r a t e  or ( 2 )  t h e  va lue  t o  which c h a r a c t e r i s t i c  p r o p e r t i e s  have degraded a f t e r  a 
s p e c i f i e d  number o f  c y c l e s .  Exper imenta l  d e t e r m i n a t i o n  o f  these degrada t ions  
i s  f r e q u e n t l y  p r o h i b i t i v e  i n  c o s t  and may n o t  be t r a c t a b l e  because o f  t h e  
numerous c o n t r i b u t l n g  f a c t o r s  such as c o n s t i t u e n t  m a t e r i a l  p r o p e r t i e s ,  f a b r i -  
c a t i o n  process v a r i a b l e s ,  and t h e  c o n t i n u o u s l y  changing n o n l i n e a r  behav io r  w i t h  
each c y c l e .  

Recent research  by t h e  au tho rs  i n d i c a t e s  t h a t  t h e  degrada t ion  can be 
desc r ibed  a t  t h e  c o n s t i t u e n t  m a t e r i a l s  l e v e l ,  i n c l u d i n g  the  i n t e r p h a s e ,  by 
u s i n g  a m u l t i f a c t o r - i n t e r a c t i o n  r e l a t i o n s h i p  o f  p roduc t  s e r i e s  form. 
respond ing  degrada t ion  a t  t h e  composite l e v e l  i s  desc r ibed  by u s i n g  composi te  
mic ro-  and macro-mechanics i n c o r p o r a t e d  i n t o  a computer code. Th is  computer 
code I s  used to  c o m p u t a t i o n a l l y  s i m u l a t e  t h e  c y c l i c  behav io r  o f  HTMMC. 
o b j e c t i v e  o f  t h e  p r e s e n t  paper i s  t o  desc r ibe  t h e  computa t iona l  p rocedure  and 
i l l u s t r a t e  i t s  a p p l i c a t i o n  by p r e s e n t i n g  t y p i c a l  r e s u l t s .  

The co r -  

The 

GLOBAL STRUCTURAL RESPONSE 

A b r i e f  d e s c r i p t i o n  o f  g l o b a l  s t r u c t u r a l  a n a l y s i s  p rov ides  the  background 
f o r  the  need t o  computa t iona l  l y  s i m u l a t e  the  thermal /mechanica l  behav io r  o f  
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HTMMC. The process o f  "computa t iona l  s i m u l a t i o n "  i s  summarized i n  the  fol low- 
i n g  s e c t i o n .  A schematic summarizing equat ions  fo r  g l o b a l  s t r u c t u r a l  a n a l y s i s ,  
th rough which g l o b a l  s t r u c t u r a l  response v a r i a b l e s  and l o c a l  v a r i a b l e s  a.re 
o b t a i n e d  t o  assess t h e  adequacy of the  des ign ,  i s  d e p i c t e d  i n  f i g u r e  1 .  Com- 
p u t a t i o n a l  s i m u l a t i o n  i s  used to  generate the  elements ( t e r m s )  i n  t h e  s t r u c -  
t u r a l  m a t r i c e s :  [ M I ,  [ C I ,  [ K l ,  C D I ,  and { S A } .  The v e c t o r  { F ( t ) }  i n c l u d e s  t h e  
l o a d i n g  c o n d i t i o n s  w h i l e  {u }  i n c l u d e s  t h e  c a l c u l a t e d  g l o b a l  d isp lacements,  {u} 
i n c l u d e s  t h e  l o c a l  s t r e s s e s  and w rep resen ts  t h e  n a t u r a l  f requenc ies  o f  t h e  
s t r u c t u r e .  V a r i a b l e s  w i t h  the  s u b s c r i p t  A denote a l l o w a b l e  va lues  o f  the  
r e s p e c t i v e  v a r i a b l e s  s e t  by the  des ign  requ i rements .  Comparable equat ions  a re  
used f o r  thermal  a n a l y s i s  where composite mic ro-  and macro-mechanics a r e  used 
t o  genera te  t h e  s t r u c t u r e ' s  thermal  p r o p e r t i e s  r e q u i r e d  f o r  heat  t r a n s f e r  and 

the  procedure  t o  generate the  p r o p e r t i e s  needed for l o c a l / g l o b a l  thermost ruc-  
t u r a l  a n a l y s i s  o f  HTMMC. 

I 
I f o r  thermal  s t r e s s  a n a l y s i s .  The s e c t i o n s  t h a t  fo l low desc r ibe  t h e  d e t a i l s  of 
I 

COMPUTATIONAL SIMULATION OF THERMALIMECHANICAL PROPERTIES 

Fo r  t h e  computa t iona l  s l m u l a t i o n  to  be r e p r e s e n t a t i v e  o f  t h e  phys i cs  o f  
HTMMC behav io r ,  i t  must account  f o r  t h e  f a b r i c a t i o n  process s t a r t i n g  w i t h  the  
c o n s t i t u e n t  m a t e r i a l s  and ending w i t h  the  s t r u c t u r a l  component. A schematic 
d e p i c t i n g  t h e  f a b r i c a t i o n  process o f  HTMMC i s  shown i n  f i g u r e  2.  The i n t e g r a -  
t e d  m u l t i s c a l e  computa t iona l  s i m u l a t i o n  s t r a t e g y  i s  shown i n  f i g u r e  3. The 
l e f t  p a r t  o f  the  f i g u r e  rep resen ts  t h e  behav io r  syn thes i s ,  w h i l e  t h e  r i g h t  
p a r t  r e p r e s e n t s  the  response decomposi t ion.  I n  the  syn thes i s  the  p r o p e r t i e s  
needed f o r  s t r u c t u r a l  a n a l y s l s  a re  generated,  w h i l e  i n  the  decomposi t ion t h e  
l o c a l  s t resses  a re  c a l c u l a t e d .  

The dependence o f  the  c o n s t i t u e n t  m a t e r i a l  p r o p e r t i e s  on t i m e ,  tempera- 
t u r e ,  and s t r e s s ,  i s  d e f i n e d  i n  a m a t e r i a l s  space shown a t  t h e  bo t tom cen te r  
o f  t h e  f i g u r e .  The p l y  s t r e s s e s  a re  used t o  c a l c u l a t e  the  l o c a l  m i c r o s t r e s s e s  
( t h e  s t r e s s e s  i n  t h e  c o n s t i t u e n t s  and i n  the  i n t e r f a c e ) .  The s i m u l a t i o n  (syn- 
t h e s i s  and decomposi t ion)  i s  per formed u s i n g  an i n c r e m e n t a l - i t e r a t i v e  n o n l i n e a r  
a n a l y s i s  where convergence i s  en fo rced  a t  every  l e v e l  ( p l y ,  l am ina te ,  and 
g l o b a l )  o f  t h e  s i m u l a t i o n .  A d e t a i l e d  d e s c r i p t i o n  o f  t h i s  s i m u l a t i o n  i n c l u d -  
i n g  r e q u i s i t e  equa t ions  i s  found i n  r e f e r e n c e  1. A stand-a lone computer code 
$ a s  been developed t o  pe r fo rm t h e  computa t iona l  s i m u l a t i o n s  f rom t h e  c o n s t i t u -  
e n t  m a t e r i a l s  l e v e l  t o  t h e  l am ina te  l e v e l .  Th i s  s tand-a lone code encompasses 
a l l  t h e  c a p a b i l i t i e s  shown w i t h i n  t h e  dashed l i n e  i n  f i g u r e  3 and i s  i d e n t i f i e d  
as METCAN (Meta l  M a t r i x  Composite Ana lyze r ) .  METCAN i s  p a t t e r n e d  a f t e r  and has 
many o f  t h e  f e a t u r e s  o f  t h e  I C A N  computer code ( r e f .  2 ) .  I 

The v a r i o u s  f a c t o r s ,  which i n f l u e n c e  c o n s t i t u e n t  m a t e r i a l  behav io r  and 
u l t i m a t e l y  the  HTMMC behav io r ,  a re  i n c o r p o r a t e d  th rough a m u l t i f a c t o r -  
i n t e r a c t i o n  r e l a t i o n s h i p  as shown I n  f i g u r e  4 where t h e  r a t i o n a l e  f o r  adop t ing  
t h i s  type  o f  r e l a t i o n s h i p  i s  summarized. A d d i t i o n a l  d i s c u s s i o n  on t h i s  r e l a -  
t i o n s h i p  and i t s  a p p l i c a t i o n  t o  a s p e c i f i c  s t r u c t u r a l  component f a b r i c a t e d  
from HTMMC i s  found i n  r e f e r e n c e  3. The impor tan t  p o i n t s  t o  no te  i n  f i g u r e  4 
are :  ( 1 )  t h e  i n d i v i d u a l  e f f e c t s  o f  the  thermal  and mechanical l o a d  c y c l e s  
NT,NM a re  e x p l i c i t l y  i nc luded ;  ( 2 )  t h e  temperature T and the  s t r e s s  u 
induced by these cyc les  a re  a l s o  e x p l i c i t l y  i nc luded ;  ( 3 )  the combined 
thermomechanical c y c l i c  e f f e c t s  on the  thermomechanical behav io r  o f  HTMMC's 
a re ,  t h e r e f o r e ,  a u t o m a t i c a l l y  i nc luded ;  and ( 4 )  t he  v a r i o u s  e f f e c t s  a re  
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norma l i zed  w i t h  r e s p e c t  t o  re fe rence  p r o p e r t i e s  which a re  u s u a l l y  taken as room 
tempera ture  p r o p e r t i e s .  

The i m p o r t a n t  p o i n t s  of the  above d i s c u s s i o n  a re  (1 )  METCAN can be used 
t o  c o m p u t a t i o n a l l y  s i m u l a t e  the  h i g h  temperature n o n l i n e a r  behav io r  o f  HTMMC's 
from the  f a b r i c a t i o n  process through s e r v i c e  and from g l o b a l  s t r u c t u r e  response 
t o  l o c a l  c o n s t i t u e n t  response i n c l u d i n g  the  i n t e r f a c e / i n t e r p h a s e  r e g i o n s ,  and 
(2) METCAN can be used as a preprocessor  t o  any g l o b a l  s t r u c t u r a l  ( t h e r m a l )  
a n a l y s i s  w i t h  a n i s o t r o p i c  m a t e r i a l  c a p a b i l i t y  and a l s o  as a pos tprocessor  t o  
t h i s  same g l o b a l  s t r u c t u r a l  a n a l y s i s .  METCAN i s  a comprehensive and con t inuo -  
u s l y  e v o l v i n g  computer code. I n  t h i s  respec t ,  i t  i s  d i f f i c u l t  a t  p resen t  t o  
v e r i f y  a l l  o f  i t s  p r e d i c t i v e  c a p a b i l i t i e s  s ince  most o f  t h e  necessary d a t a  do 
n o t  e x i s t .  Even so, the  code i s  c o n t i n u o u s l y  v a l i d a t e d  (compared w i t h  o t h e r  
computa t iona l  p r e d i c t i o n s )  and v e r i f i e d  (compared w i t h  a v a i l a b l e  o r  c u r r e n t l y  
a c q u i r e d  exper imenta l  d a t a ) .  The room temperature c o n s t i t u e n t  p r o p e r t i e s  used 
to  genera te  t h e  r e s u l t s  t h a t  f o l l o w  a re  g i ven  i n  Table I. V e r i f i c a t i o n  compar- 
i sons o f  room temperature s t r e s s l s t r a i n  response fo r  tungs ten /copper  HTMMC a re  
shown i n  f i g u r e  5 f o r  two f i b e r  volume r a t i o s .  S i m i l a r  r e s u l t s  f o r  g r a p h i t e l  
copper ,  b u t  o n l y  a t  one f i b e r  volume r a t i o ,  a re  shown i n  f i g u r e  6 .  The exper- 
imen ta l  d a t a  was ob ta ined  by J .  Diaz,  M a t e r i a l s  D i v i s i o n ,  NASA Lewis Research 
Center .  Note t h a t  METCAN p r e d i c t s  h i g h e r  s t r e s s  and s t r a i n  t o  f r a c t u r e  for 
t h e  g raph i te / copper  which cou ld  i n d i c a t e  f i b e r  damage d u r i n g  the  f a b r i c a t i o n  
process .  V e r i f i c a t i o n  and v a l i d a t i o n  comparisons f o r  b o r s i c / t i t a n i u m  meta l  
m a t r i x  composite a re  shown i n  f i g u r e  7 .  The agreement i s  good i n  a l l  these 
comparisons, except  as a l r e a d y  noted.  V a l i d a t i o n  comparisons f o r  room temper- 
a t u r e  thermal  and mechanical p r o p e r t i e s  f o r  a s p e c i f i c  g r a p h i t e  f i b e r  (P100)/ 
copper m a t r i x  (Cu) HTMMC w i t h  f o u r  d i f f e r e n t  f i b e r  volume r a t i o s  a re  summarized 
i n  t a b l e  11. These comparisons a l s o  show e x c e l l e n t  agreement. Though these 
comparisons a re  a d m i t t e d l y  l i m i t e d ,  t hey  do i n d i c a t e  t h a t  one can computat ion-  
a l l y  s i m u l a t e  t h e  thermomechanical behav io r  o f  HTMMC u s i n g  METCAN w i t h  some 
conf idence.  

COMPUTATIONAL SIMULATION OF CYCLIC BEHAVIOR 

The thermal /mechanica l  c y c l i c  behav io r  o f  HTMMC i s  c o m p u t a t i o n a l l y  simu- 
l a t e d  by u s i n g  the  f o l l o w i n g  procedure:  

( 1 )  C a l c u l a t e  t h e  m ic ros t resses  from g l o b a l  thermal  and s t r u c t u r a l  ana ly -  
ses u s i n g  t h e  r e s p e c t i v e  c y c l i c  loads  as i n p u t s  t o  these g l o b a l  ana lyses .  Note 
t h e  g l o b a l  analyses a re  per formed u s i n g  f i n i t e  element a n a l y s i s  o f  the  s t r u c -  
t u r a l  component ( t o p  p a r t  (undashed) f i g .  3 ) .  

(2) Ente r  the  magnitude o f  these m ic ros t resses  and t h e  r e s p e c t i v e  number 
o f  thermal  and mechanical c y c l e s  i n  the  m u l t i f a c t o r  r e l a t i o n s h i p  i n  f i g u r e  4 .  

( 3 )  Apply  the  n e x t  c y c l e  loads t o  t h e  s t r u c t u r e  and/or  l am ina te  and simu- 
l a t e  t h e  d e s i r e d  behav io r  u s i n g  the  i n c r e m e n t a l - i t e r a t i v e  procedure mentioned 
p r e v i o u s l y .  See re fe rences  1 and 3 f o r  more d e t a i l e d  d e s c r i p t i o n s .  

A l l  o f  t h e  above s teps  and the  r e q u i r e d  convergences a re  a u t o m a t i c a l l y  pe r -  
formed i n  METCAN and a re  t r a n s p a r e n t  t o  the  use r .  
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METCAN p r e d i c t e d  l o n g i t u d i n a l  s t r e s s l s t r a i n  responses f o r  f o u r  p l y  
[0 /90 /90 /01  PlOO/Cu a f t e r  a s p e c i f i c  number o f  accumulated mechanical c y c l e s  
a re  shown i n  f i g u r e  8. These curves w e r e  generated by assuming t h a t :  ( 1 )  t he  
l i m i t  number o f  mechanical l o a d  c y c l e s  was 1 m i l l i o n ,  and ( 2 )  t he  c y c l i c  s t r e s s  
ampl i tudes were t h e  f o l l o w i n g  r a t i o s  of the  r e f e r e n c e  s t r e s s  ( s t a t i c  f r a c t u r e  
s t r e s s ) :  85 pe rcen t  f o r  100 000 c y c l e s ,  65  pe rcen t  f o r  500 000 c y c l e s ,  and 50 
percent  fo r  800 000 c y c l e s .  I t  i s  i n t e r e s t i n g  t h a t  t h e  r e f e r e n c e  curve  and t h e  
100 000 cyc les  curve  e x h i b i t  some n o n l i n e a r  behav io r  w h i l e  the  o t h e r  two curves  
a re  p r a c t i c a l l y  l i n e a r .  The i m p o r t a n t  obse rva t i ons  from the  r e s u l t s  shown i n  
f i g u r e  8 a re :  ( 1 )  mechanical c y c l i c  l o a d i n g  degrades t h e  c y c l i c  s t r e s s  magni- 
tude b u t  does n o t  induce any d i s c e r n a b l e  n o n l i n e a r i t i e s  on t h e  s t r e s s l s t r a i n  
behav io r ;  and ' (2 )  t he  curves do n o t ' s t a r t  a t  ze ro  s t r a i n  because o f  r e s i d u a l s  
due to f a b r i c a t i o n .  Corresponding r e s u l t s  f o r  thermal  l o a d  c y c l i n g  a re  shown 
i n  f i g u r e  9 .  The number of accumulated thermal l o a d  c y c l e s  and the  temperature 
range a re  shown i n  the  f i g u r e .  Note t h a t  t he  curves s t a r t  a t  nonzero s t r a i n s  
because o f  the  f a b r i c a t i o n  r e s i d u a l s  a l r e a d y  mentioned and because the  curve  
i s  generated a t  t he  e l e v a t e d  tempera ture .  The l i m i t  number o f  thermal  c y c l e s  
was assumed t o  be 400 f o r  g e n e r a t i n g  these curves .  S i m i l a r l y  METCAN p r e d i c t e d  
thermal c y c l i c  l o a d  r e s u l t s  a re  shown i n  f i g u r e  10 f o r  a tungs ten /copper  HTMMC 
and i n  f i g u r e  1 1  f o r  silicon-carbide/titanium-aluminide. The impor tan t  p o i n t  
t o  be observed from t h e  thermal  c y c l i n g  load curves i s  t h a t  thermal  c y c l i n g  has 
severe degradat ion  e f f e c t s  on t h e  endurance o f  HTMMC's .  

S I G N I F I C A N C E  OF THE INTERPHASE AND I N  S I T U  PROPERTIES 

HTMMC e i t h e r  have no m e t a l l u r g i c a l  bond a t  t h e  i n t e r f a c e  or develop an 
i n te rphase  as a r e s u l t  o f  the  f i b e r - m a t r i x  r e a c t i o n  ( i n t e r d i f f u s i o n ) .  The 
micromechanics model i n  METCAN i n c o r p o r a t e s  t h e  i n t e r p h a s e  as a separa te  con- 
s t i t u e n t  w i t h  independent p r o p e r t i e s .  A s  such the  e f f e c t s  of bond i n t e g r i t y  
on HTMMC behav io r  can be eva lua ted  w i t h  j u d i c i o u s  use of METCAN by u s i n g  an 
i n te rphase  w i t h  s u i t a b l e  p r o p e r t i e s .  Resu l t s  f r o m  one such e v a l u a t i o n  a re  
shown i n  f i g u r e  12. As would be expected,  bo th  t h e  i n t e r f a c e  and the  i n  s i t u  
p r o p e r t i e s  o f  the  m a t r i x  have d ramat i c  e f f e c t s  on the  t ransve rse  t e n s i l e  
s t r e n g t h  o f  t h i s  p a r t i c u l a r  HTMMC. I t  i s  no ted  t h a t  t h e  average experimen- 
t a l l y  measured s t r e n g t h  i s  about  2 ks i  which corresponds t o  t h e  l owes t  va lue  
shown i n  f i g u r e  12. T h i s  va lue  was o b t a i n e d  by assuming no i n t e r f a c e  and 
dl inealed a t  y i e l d  i n  s i t u  m a t r i x  c o n d i t i o n s  as i n p u t s  t o  METCAN. The i m p o r t a n t  
o b s e r v a t i o n  i n  f i g u r e  12 i s  t h a t  METCAN can be used to assess t h e  f a b r i c a t i o n  
process as w e l l  as the  e f f e c t s  o f  v a r i a b l e  c o n s t i t u e n t  i n  s i t u  behav io r  on 
HTMMC performance. For example, t h e  l o w e s t  va lue  i n d i c a t e s  inadequate f a b r i -  
c a t i o n  q u a l i t y  and i n e f f i c i e n t  use o f  copper as a m a t r i x ;  
va lue  i n d i c a t e s  t h a t  t h e r e  i s  c o n s i d e r a b l e  room fo r  improvement. Th is  t ype  o f  
i n f o r m a t i o n  i s  r o u t i n e l y  o b t a i n e d  u s i n g  METCAN, which p r o v i d e s  an exped ien t  
c a p a b i l i t y  fo r  conduct ing  a v a r i e t y  o f  pa ramet r i c  s t u d i e s .  

w h i l e  t h e  h i g h e s t  

~ 

SIMULATION OF COMBINED THERMOMECHANICAL CYCLING AND INTERFACE EFFECTS 
t 

METCAN s i m u l a t i o n s  o f  t h e  e f f e c t s  of combined thermomechanical c y c l i n g  a r e  
shown i n  f i g u r e  13 f o r  a S i C / T i  HTMMC. Comparisons w i t h  exper imenta l  d a t a  of 
the  h a l f  c y c l e  s t r e s s - s t r a i n  response for a u n i d i r e c t i o n a l  composite and for an 
a n g l e p l i e d  [+3012s lam ina te  a re  a l s o  shown. The d i p  i n  t h e  exper imenta l  d a t a  
rep resen ts ,  i n  p a r t ,  t he  onse t  of excess ive  n o n l i n e a r i t i e s  caused by h i g h  
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i n t r a l a m i n a r  shear s t r e s s  i n  t h e  30° p l i e s  under d isp lacement  c o n t r o l  t e s t i n g .  
The exper imenta l  da ta  were ob ta ined  by D r .  6 .  Lerch ,  S t r u c t u r e s  D i v i s i o n ,  NASA 
Lewis.  The i n d i v i d u a l  l o a d  c y c l i c  e f f e c t s  a r e  i n c l u d e d  f o r  comparison pur -  
poses. A s  can be seen, combined c y c l i n g  ( l o w e r  r i g h t  cu rves )  degrades the  
mechanical  behav io r  o f  HTMMC a t  a f a s t e r  r a t e  than do e i t h e r  o f  t h e  i n d i v i d u a l  
l oad ings  or t h e i r  a l g e b r a i c  s u p e r p o s i t i o n .  The i m p o r t a n t  o b s e r v a t i o n  from t h e  
above d i s c u s s i o n  i s  t h a t  t r a d i t i o n a l  i so the rma l  c y c l i c  d a t a  w i l l  be inadequate 
and even m i s l e a d i n g  f o r  assess ing  the  combined thermomechanical c y c l i c  l o a d i n g  
degrada t ion  e f f e c t s  on t h e  behav io r  o f  HTMMC. 

The e f f e c t s  of  an i n te rphase  on thermal  l o a d  c y c l i n g  ( f a t i g u e ) ,  assuming 
400 maximum thermal  c y c l e s  between 70 and 1000 O F ,  a r e  shown i n  f i g u r e  14. 
Comparisons t o  those w i t h o u t  t h e  i n te rphase  a t  t h e  end p o i n t s  a r e  summarized 
i n  t h e  f o l l o w i n g  t a b l e .  

Number of  Wi thout  i n te rphase  Wi th  5-percent  i n t e r p h a s e  
accumulated s t r e s s  ( s t r a i n ) ,  s t r e s s  ( s t r a i n ) ,  

c y c l e s  ksi  (pe rcen t )  ks i  ( p e r c e n t )  

1 78 (0 .44)  
100 69 (0 .42)  
200 69 (0.42) 
300 43 (0.43)  

66 (0.44)  
60 (0.42) 
49 ( 0 . 4 2 )  
40 (0.46) 

About t h e  o n l y  o b s e r v a t i o n  t o  be made from these r e s u l t s  i s  t h a t  t he  presence 
o f  t h e  i n t e r p h a s e  tends t o  p r o g r e s s i v e l y  degrade t h e  s t r e s s  magnitude a t  f rac -  
t u r e ,  b u t  n o t  t h e  f r a c t u r e  s t r a i n  l e v e l  f o r  a l l  p r a c t i c a l  purposes.  Other  
t e n t a t i v e  obse rva t i ons  a re :  ( 1 )  t h e  i n te rphase  has n e g l i g i b l e  e f f e c t  on the  
f r a c t u r e  s t r e s s  magnitude a t  r e l a t i v e l y  h i g h  thermal  c y c l e s ,  and ( 2 )  i t  has 
moderate deg rada t ion  e f f e c t s  (about  16 p e r c e n t )  a t  r e l a t i v e l y  low number of 
thermal  c y c l e s .  Again,  t h e  i m p o r t a n t  conc lus ion  i s  t h a t  METCAN can be used, 
r a t h e r  r o u t i n e l y ,  t o  eva lua te  these e f f e c t s  which a r e  complex and d i f f i c u l t  t o  
e x p c r i m e n t a l l y  measure. 
t e g i c  exper iments t o  s e l e c t i v e l y  measure some o f  these e f f e c t s .  

A l s o  METCAN can be used t o  a i d  t h e  p l a n n i n g  o f  s t r a -  

CONCLUDING REMARKS 

The s i g n i f i c a n t  conc lus ions  o f  an i n v e s t i g a t i o n  t o  deve lop  a procedure 
which can be used to  c o m p u t a t i o n a l l y  s i m u l a t e  t h e  c y c l i c  behav io r  of HTMMC a r e  
as follows: 

1 .  The c y c l i c  behav io r  o f  HTMMC can be c o m p u t a t i o n a l l y  s imu la ted  by  u s i n g  
h i g h  temperature composi te mechanics i n  c o n j u n c t i o n  w i t h  a m u l t i f a c t o r -  
i n t e r a c t i o n  r e l a t i o n s h i p  and w i t h  an i n c r e m e n t a l / i n t e r a t i v e  n o n l i n e a r  s o l u t i o n  
procedure.  

c a t i o n  process,  th rough thermomechanical c y c l i c  l oad ings ,  and accoun t ing  f o r  
the  i n te rphase .  

2. The computa t iona l  s i m u l a t i o n  can be per formed s t a r t i n g  w i t h  t h e  f a b r i -  

3. A computer code has been developed to  pe r fo rm these types  o f  computa- 
t i o n a l  s i m u l a t i o n s  i n  an e f f e c t i v e  and r o u t i n e  manner. 
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4 .  Resu l t s  from t h i s  compu,zr code show t h a t  combined thermomechanical 
c y c l i n g  degrades t h e  HTNMC s t r u c t u r a l  i n t e g r i t y  a t  a f a s t e r  r a t e  than t h e  
a l g e b r a i c  s u p e r p o s i t i o n  o f  t h e  two i n d i v i d u a l  e f f e c t s .  

5 .  The in te rphase  m a i n l y  a f f e c t s  the  f r a c t u r e  s t r e s s  a t  p r a c t i c a l l y  a l l  
l e v e l s  of thermal  c y c l i n g ;  i t  m i n i m a l l y  e f f e c t s  the  f r a c t u r e  s t r a i n ,  and then  
o n l y  a t  r e l a t i v e l y  h i g h  numbers o f  thermal  c y c l e s .  

6 .  The i n t e r f a c e  has d ramat i c  e f f e c t s  on the  t r a n s v e r s e  t e n s i l e  s t r e n g t h  
as do the  i n  s i t u  p r o p e r t i e s  o f  t h e  m a t r i x .  
i t i v e  var iab. les,  which c o n t r i b u t e  t o  these e f f e c t s  can be q u a n t i f i e d .  

The ranges o f  va lues  o f  t h e  pr im-  

7 .  The t ype  o f  computa t iona l  s i m u l a t i o n  (or the  r e s p e c t i v e l y  computer 
code) descr ibed h e r e i n  can and shou ld  be v a l i d a t e d  and v e r i f i e d  c o n t i n u o u s l y  
i n  o r d e r  t o  a s c e r t a i n  i t s  p r e d i c t i v e  adequacy. 
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I P roper ty  type  

TABLE I. - ROOM TEMPERATURE CONSTITUENT PROPERTIES 

USED I N  THE CURRENT STUDY 

' Mat 

Proper ty  type 
- 
P l O O  

6600 
105 
0.9 
1.1 
0.7 
0.2 

0.25 
-0.9 

5.6 
7.5 

0.75 
325 
200 
25 
25 
25 

12.5 

S i C A  

4870 
62 
62 

23.8 
23.8 

0.3 
0.3 
1.8 
1.8 

0.75 
0.75 

500 
650 
500 
650 
300 
300 

F i b e r  

B o r s i c  

6000 
58 
58 
29 
29 

0.2 
0.2 
2.8 
2.8 
1.9 
1.9 
510 
600 
100 
200 
100 
100 

Tmm, O F  

E,, mpsi 
V,, i n . / i n .  
am* PPm 
K,, Btu/hr/ in./OF 
S m ~ ,  k s i  
S,c, k s i  
S,s, k s i  

Copper 

1980 
17.7 

0.3 
9.8 

19.3 
32 
32 
19 

i x  

T i  

1800 
12.3 
0.32 
4.5 

0.39 
130 
130 
91 

~ 

Tungsten 

6170 
59 
59 

22.7 
22.7 
0.29 
0.29 
2.5 
2.5 
8.3 
8.3 
390 
390 
390 
390 
236 
236 
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TABLE 11. - GRAPHITE/COPPER ROOM TEMPERATURE MECHANICAL AND THERMAL PROPERTIES: 

COMPARISON OF METCAN PREDICTIONS AND 3-0 FINITE ELEMENT ANALYSIS 

[PlOO/Cu a t  f o u r  d i f f e r e n t  f i b e r  volume r a t i o s  ( F V R ) . ]  

P r o p e r t y  t y p e  

0.063 

METCAN 

23.7 
13.8 
13.8 
5.8 
5.6 
5.8 
.29 
.30 
.30 
6.8 

10.4 
10.4 
19.7 
15.6 
15.6 

3-OFEM 

23.1 
14.9 
14.9 
6.0 
5.8 
5.8 
.30 
.30 
.30 
6.6 

10.5 
10.5 
20.6 
17.3 
17.3 

FVR 

0.2234 

METCAN 

37.3 
10.2 
10.2 
4.5 
4.2 
4.5 
.28 
.30 
.30 
3.3 

11.0 
11.0 
20.6 
11.8 
11.8 

3-OFEM 

36.7 
11.0 
11.0 
4.8 
4.5 
4.5 
.30 
.26 
.26 
3.7 

10.9 
10.9 
21.6 
13.5 
13.5 

0.466 

METCAN 

58.4 
6.5 
6.5 
3.2 
2.8 
3.2 
.25 
.30 
.30 
1 .o 

11.2 
11.2 
22.0 

7.8 
7.8 

CONSTITUTIVE I.1 = [DI[BlIul 
EQUATION 

% l.1 5 IS3 

NATURAL 
FREQUENCY 

EIGENPROBLEM \ U S W A  

3-OFEM 

58.0 
6.9 
6.9 
3.4 
2.7 
2.7 
.29 
.22 
.22 

1.40 
11.1 
11.1 
23.2 
8.8 
8 .8  

0.622 

METCAN 

72.0 
4.6 
4.6 
2.5 
2.1 
2.5 
.24 
.30 
.24 
.18 

11.1 
11.1 
22.8 

5.8 
5.8 

3-DFEM 

71.8 
5.0 
5.0 
2.6 
1.8 
1.8 
.28 
.19 
.22 
.42 

10.9 
10.9 
24.0 
6.3 
6.3 

F I W E  1. - OVERVIEW OF STRUCTURAL ANALYSIS. 

8 



MIX 

MATRIX 
POWDER 

+ 
TEFLON 
BINDER 

t 

STODDARO 
SOLUTION 0 

HEAT ROLL POWDER 
CLOTH 

67 0 0 0 0 0  0 0 0  

COMPOSITE 

LAY UP AND HOT PRESS 
FIGURE 2. - E T A L - M T R I X  C W O S I T E  FABRICATION PROCESS. 

COMPONENT 

FINITE ELEMENT FINITE ELEMENT 

/ TOP-DOWN 
UPWARD \, CONSTITUENTS 

INTEGRATED \ 
OR 
"SYNTHESIS" 

MATERIAL PROPERTIES , TRACED 

I OR P (u. T, t I 
I 

"DECOMPOSITION" --- __  - - -- '1. 

FIGURE 3. - INTEGRATED MILTI-SCALE C W U T A T I W  S1IUUTIO)I .  
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RATIONALE: 

,- MATRIX 

I rINTERPHASE 

SUBREGIONS OF 
INTRALAMINAR 
NONUNIFORMITY 7.. . 

2, +t 

0 GRADUAL EFFECTS DURING MOST RANGE. RAPIDILY DEGRADING NEAR FINAL STAGES 

0 REPRESENTATIVE OF THE I N  SITU BEHAVIOR FOR FIBER. MATRIX. INTERPHASE, COATING 

0 INTRODUCTION OF PRIMITIVE VARIABLES (PV) 

CONSISTENT I N  SITU REPRESENTATION OF ALL CONSTITUENT PROPERTIES I N  TERMS OF PV 

0 ROOM TEMPERATURE VALUES FOR REFERENCE PROPERTIES 

0 CONTINUOUS INTERPHASE GROWTH 

0 SIMULTANEOUS INTERACTION OF ALL PRIMITIVE VARIABLES 

0 ADAPTABILITY TO NEW MATERIALS 

0 AMENABLE TO VERIFICATION INCLUSIVE OF ALL PROPERTIES 

0 READILY ADAPTABLE TO INCREMENTAL COMPUTATIONAL SIMULATION 

NOTATIONS: 

P - PROPERTY: T - TEMPERATURE; S - STRENGTH: R - METALLURGICAL REACTION: N - NUMBER OF CYCLES; t - TIME: 
OVER DOT - RATE; SUBSCRIPTS: 0 - REFERENCE; F - FINAL; M - KCHANICAL; T - THERMAL 

FIGURE 4. - MULTIFACTOR INTERACTION RELATIONSHIP FOR I N  SITU CONSTITUENT MATERIAL BEHAVIOR. 

0 EXPERIMENTAL DATA FIBER VOLUME - METCAN PREDICTION FRACTION, 
PERCENT 

LONGITUDINAL STRAIN, PERCENT 

FIGURE 5. - UNIDIRECTIONAL TUNGSTEN/COPPER M C  ROOM EM- 
PERATURE STRESS-STRAIN RESPONSE. 

0 . I  .2 . . 3  .4 .5 
STRAIN EPS XX. PERCENT 

FIGURE 6 .  - Gr/CU C W O S I T E S  ROON TEMPERATURE STRESS- 
STRAIN BEHAVIOR (UNIDIRECTIONAL M I I I A T E  AT .4 FVR). 

10 



. 
MEASURE0 ’ 

0 THREE-DIMENSIONAL 
FINITE ELEMENT SIMULATION 

METCAN 

LONGITUDINAL TRANSVERSE 
FIGURE 7. - UNIDIRECTIONAL BORSIC/TITANIUN MC ELASTIC 

MODULI AT ROOM TWERATURE. 

75 - 
[0/90/90/01 

60 - - 
v) X 

(70 - 500 F ) - t  
E 45- s 
v) 

v) (70 - loo0 F) v) 3 0 -  
si 
kY 

I 
-.080 .076 .182 .288 .394 .500 

STRAIN EPS XX. PERCENT 

FIGURE 9. - THERMAL CYCLIC EFFECTS OF PlOO/CU C W O S I T E  
(AT .4 FVR). 

STRESS EPS XX. PERCENT 

FIGURE 8. - MECHANICAL CYCLIC LOAD EFFECTS (P100/Cu AT .4 
FVR), 

STRAIN EPS XX, PERCENT 

FIGURE 10. - THERNAL CYCLIC EFFECTS OF TUNGICU COMPOSITE 
(AT .4 FVR). 
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200- 
[0/90/90/01 

160 - - 
v) x 

(70 - 1000 F) 

1 
-.60 - . 3 4  -.08 -18 .44 .70 

STRAIN EPS XX. PERCENT 

FIGURE 11. - THERHAL CYCLIC EFFECTS OF s i c a / T i l s  CofposITE 
(AT .4 FVR). 

WITHOUT INTERFACE 
WITH INTERFACE 

H 2 o t  

YIELD FRACTURE YIELD FRACTURE 

FIGURE 12. - UNIDIRECTIONAL GRAPHITE/COPPER M C  TRANSVERSE 
STUEWGTH BOUWDS. 
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CYCLIC BEHAVIOR 

4 

250 

200 

1 5 0  

1 0 0  

50 

EXP' [O' 
0 

1/2 CYCLIC 
UNIAXIAL BEHAVIOR r 

0 .24 .48 .72 .% 1.20 

I 
0 .24 .48 -72 .% 1 . 2 0  

STRAIN EPS XX, PERCENT 
FIGURE 13. - PETCAN PREDICTIONS FOR THE-CHANICAL CYCLING OF mC tSiC/ll 15 333 AT .36 FVR). 

6 4  - 
M 

X v) 

E 48- 
B 
LI 

3 2 -  
ln W 

V) 
e 

1 6  - 

n I 
- . lo  .02 .14 .26 .38 .50 

STRAIN EPS XX. PERCENT 

FIGURE 1 4 .  - [0/90/90/01 PlOO/CU WITH 5 PERCENT INTER- 
PHASE T H E W  FATIGUE EFFECTS. 
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